Thymus capitatus growing wild in Sardinia showed different essential oil composition if grown surrounding Cagliari than in north Sardinia. Here we verify the composition and antimicrobial activity of the oil to make it suitable for the cosmetic and confectionery industries. With the aim of improving the scent and the antimicrobical activity of T. capitatus essential oil, a hydroformylation reaction was carried out to transform the unsaturated components of the oil into the corresponding aldehydes. The essential oil of T. capitatus exhibited a significant antibacterial activity (MIC 0.125-0.5 mg/mL), and was also found effective on C. albicans (MIC 0.125 mg/mL). After hydroformylation, several new irregular terpenoid aldehydes were detected. The perfume of the new terpenic-like aldehydes is very agreeable and, therefore, the acceptability of the aroma is remarkably improved, but the antimicrobial activity was not increased.
The family Lamiaceae shows an intraspecific biodiversity resulting in the heterogeneous composition of the essential oil produced by various species, which is based on genetic polymorphism, but which is also influenced by environmental conditions. In the genus Thymus, for example, many species present intraspecific chemotypes [1] . Wild Thymus species growing in Sardinia include only two chemotypes, thymol and carvacrol [2] [3] [4] [5] , which are present only with two species: T. catharinae Camarda (ex T. herba-barona Loisel) and T. capitatus (L.) Hoffmanns & Link [6, 7] .
T. capitatus (synonyms Satureja capitata L., Coridothymus capitatus Rchb. and Thymbra capitata (L.) Cav.) is a characteristic species of Lamiaceae growing wild in the Mediterranean basin. In Italy, it is present in the South of the Italian peninsula (Abruzzo, Molise, Campania, Puglia, Basilicata, Calabria) and in the two biggest islands, Sicily and Sardinia. In Sardinia, T. capitatus is present only in a few calcareous northern areas (in few villages around Sassari) and in southern zones surrounding Cagliari. The composition and activity of its essential oil have been studied by several researchers [8] [9] [10] [11] [12] . T. capitatus essential oil has been used since ancient times in pharmaceutics, for food flavoring, cosmetics and perfumery [13] .
Thymus species have been studied for their composition and biological activity, but few studies on T. capitatus growing wild in Sardinia are present in the literature, but they indicate that the essential oil from T. capitatus growing wild around Cagliari has an essential oil composition [3] that is very different from that of plants growing in north Sardinia [2] . The aim of the present study was the characterization of T. capitatus essential oil in order to determine whether its composition and antimicrobial activity made it suitable for the cosmetic, fragrance and confectionery industries. Moreover, the essential oil underwent a hydroformylation reaction catalyzed by rhodium complexes to transform unsaturated terpenes into oxygenated compounds (aldehydes), with the aim of giving the essential oil a more pleasant smell and improving its antimicrobial activity.
Essential oil of T. capitatus obtained from plants growing wild in a large station located in north Sardinia was analyzed using GC and GC/MS; 36 constituents were identified, with a percentage of identification near to 100%. To be sure that the essential oil composition of the plants from this station remained constant with time, we monitored the essential oil composition for 3 years before the present analyses ( Table 1 ). As shown in Table 1 , the major constituent of the oil is carvacrol. Between 2005-2007 there were no substantial differences, at least in the main constituents, but big differences were found in samples collected in 2008. The first three collections were made at the time of maximum blooming (May-June in normal climatic conditions), while the 2008 harvest was made at the beginning of July, during a very dry summer following a prolonged period of drought.
The biggest detectable differences were the presence of 3.8% α-thujene, 1.5% α−pinene, the doubling of the β−myrcene content, and the presence of 8.6% p-cymene. Remarkable was the increase of γ-terpinene (6.9%) and the dramatic decrease in carvacrol, that varied from 83% to 57%. These differences may partially be due to the major concentration of α-pinene and p-cymene; the different environmental conditions were in favor of the presence of compounds like α-thujene and 1-octen-3-ol.
It is known that T. capitatus essential oil is highly effective against bacteria and fungi [2] . With the aim of increasing the efficiency of the antimicrobial activity and to improve the odor of Thymus oil we submitted it to a hydroformylation reaction. Because of the unsaturated terpenes present in the oil, the hydroformylation process should furnish a modified oil containing new terpenic-like aldehydes capable of increasing the antimicrobial performance. Table 2 compares the original T. capitatus essential oil with the hydroformylated one. After hydroformylation, we found several new irregular terpenoid aldehydes in the modified oil ( Table 2 ). As a consequence of these modifications, the acceptability of the oil's smell was remarkably enhanced due to the new terpenic-like aldehydes; however, the antimicrobial characteristics of the oil did not improve.
The original essential oil was hydroformylated. The modified essential oil was washed and hydrodistilled to obtain the new, pure, modified essential oil. Comparing the analytical data of the original and modified oils, it was evident that the most important variations were: α−thujene, which was present in good percentage in the original oil, but lost about 2% as a result of hydroformylation; compounds like camphene, trans-pinene, 1-octen-3-ol, α-phellandrene, β-myrcene, β-caryophyllene and linalool were detected only in the original essential oil because these compounds were hydroformylated and transformed into the corresponding aldehydes; 3-octanol and Δ 3 -carene were present in all samples and did not vary significantly in their concentrations; and carvacrol, which showed little variation, probably due to the experimental steps. On the other hand, there are some compounds that are present only in the hydroformylated oils, as for instance the terpinen-4-ol isomer: 4-methyl-1-(1-methylethyl)-3cyclohexen-1-ol and 3-7-dimethyl-7-octenal. Most of them derive from hydroformylation, but also some isomerization reactions were detected during the oil modification process.
The antimicrobial activity screening was carried out on the Thymus essential oils and their main components, respectively, in comparison with chlorhexidine gluconate. The essential oil of T. capitatus exhibited a significant antibacterial activity (MIC 0.125-0.5 mg/mL), qualitatively similar to but higher than those of oils of other species of Thymus; Gram-positive strains As regards the antimicrobial activity of the main oil components, carvacrol showed good inhibitory activity against bacterial strains and Candida (MIC values 0.062-0.500 mg/mL), whereas linalool, terpinen-4-ol and β-myrcene did not exhibit any antimicrobial activity at concentrations up to 0.500 mg/mL. Oil distillation and yield: Fresh plant material (5 Kg) was separately hydrodistilled using a Clevenger-type apparatus, according to the Italian Official Pharmacopoeia X [14] . The obtained oil was light yellow. Three replicate samples were distilled simultaneously. Oil floating to the water surface was collected by draining away water, dried over anhydrous sodium sulfate and stored at -20°C (under nitrogen atmosphere) until analyzed. The yield was up to 1.1%. 1988 Natural Product Communications Vol. 5 (12) 2010
GC oil analyses:
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phenol as internal standard), were injected using a split/splitless automatic injector HP 7673 and with helium as carrier gas. Measurements of peak areas were performed with a HP workstation; the threshold was set at 0, peak width at 0.02. The quantification of each compound was expressed as the absolute weight percentage using internal standard and response factors. The detector response factors (RFs) were determined for key components relative to 2,6-dimethylphenol and assigned to other components on the basis of functional group and/or structural similarity, since oxygenated compounds have lower detectability by F.I.D. than hydrocarbons [15] The standards purity was checked by GC. Several response factor solutions were prepared that consisted of only 4 or 5 components (plus 2,6dimethylphenol) to prevent interference due to trace impurities.
GC/MS: GC/MS analyses were carried out with a
Hewlett Packard G1800B-GCD system using the same conditions and column described above. The column was connected with the ion source of the mass spectrometer. Mass units were monitored from 10 to 450 at 70 eV. The identification of the components was made by comparison of their retention time with respect to n-alkanes (C6-C22). The MS and retention indices (RI) were compared with those of commercial (NIST 98 and WILEY) and home-made library MS built up from authentic samples (analytical standards from Aldrich and Fluka; purity > 97%) and MS literature data [16] [17] [18] [19] [20] [21] . The percentage composition of the oil was obtained by the normalization method from the GC peak areas, using correction factors. For the agar dilution technique, two-fold serial dilutions of the solutions (0.5 mg/mL to 0.0031 mg/mL) were prepared in triplicate in molten Mueller Hinton Agar (Oxoid) at 45°C and poured into 50 mm Petri dishes. Each dish was inoculated with about 1 x 10 4 bacteria, applied as a spot of about 5 mm in diameter; after 18-24 h of incubation at 35°C, MICs were recorded as the lowest concentrations which completely inhibited bacterial growth. MICs against P. acnes were determined by preparing two-fold serial dilutions (0.5 mg/mL to 0.0031 mg/mL) in triplicate in Brain Heart Infusion (Oxoid) and pouring them into microtiter 96-well plates; each well was inoculated with about 1 x 10 4 bacteria. MICs were recorded after 72 h of anaerobic incubation (Gas Generating Kit, Anaerobic System BR 038B, Oxoid) as the lowest concentrations which completely inhibited bacterial growth.
Evaluation of antibacterial activity:

Evaluation of antifungal activity:
The above mentioned essential oils and standard compounds were also tested against Candida albicans ATCC 10231 in an agar dilution test similar to that one previously described for bacteria, by using Sabouraud Dextrose Agar (Oxoid). Agar plates were inoculated with about 10 4 yeast cells from an overnight culture and incubated at 25°C. After 18-24 h, MICs were recorded as the lowest concentrations able to inhibit completely fungal growth.
Killing time test:
The exposure times required by inhibitory concentrations of T. capitatus essential oil to kill an appropriate microbial inoculum were determined according to a previously described technique [5] . Assays were carried out on E. coli ATCC 25922 and C. albicans ATCC 10231. Briefly, microorganisms in the logarithmic phase of growth were centrifuged at 1200 g for 15 min, washed in phosphate buffered saline (PBS, pH 7.3) and resuspended in an appropriate volume of essential oil in the same buffer (at a concentration of oil corresponding to the MIC for the tested microorganism) at a density of 5x10 5 -1x10 6 c.f.u./mL. A control suspension (bacterial in PBS at the same density) was included in each experiment. At time zero and after 5, 10 and 15 mins, 0.5 mL of each suspension was removed, subjected to serial tenfold dilutions in PBS and inoculated onto either MHA or SDA plates. The number of viable microorganisms at each time was evaluated by counting colonies after incubation for 24 h at 35°C, and was expressed as the percentage of the control. [22] [23] [24] . All chemicals were purchased from commercial sources and used as received, unless otherwise indicated. Dicarbonylrhodiumacetilacetonate [Rh(CO) 2 (acac)] 98% (acacH = acetylacetonate) and triphenylphosphine (PPh 3 ) were purchased from Sigma-Chemical modification of Thymus capitatus Natural Product Communications Vol. 5 (12) 
Hydroformylation of Thymus capitatus essential oil:
Aldrich. Hydroformylation experiments were carried out in homemade autoclaves with magnetic stirring. To prevent direct contact with stainless steel, the reaction solution was kept in a glass vessel and the autoclave cap was glass-covered. The reaction products were identified by GC/MS.
In a typical experiment, Rh(CO) 2 (acac) (0.02 mmol), PPh 3 (0.04 mmol), and essential oil (3.7 g) were transferred under nitrogen into the autoclave, which was pressurized to 50 bar total pressure (CO/H 2 = 1/1), heated (80°C) and stirred with a magnetic stirrer. After carrying out the reaction for 24 h and cooling at room temperature, the excess CO and H 2 were slowly vented. The essential oil was redistilled in steam to avoid contamination from the catalyst and analyzed using a Hewlett Packard gas-chromatograph, Mod. G1800 B GCD System, equipped with an Alltech ATTM-5 column (60 m x 0.25 mm x 0.25 μm ) and a MS EI detector operating at 70 eV. The components were identified as previously reported and by accurate interpretation of MS.
